A new characterisation method, based on the utilisation of focussed ion beam-scanning electron microscopy (FIB-SEM), has been employed for the evaluation of morphological parameters in porous monolithic materials. Sample FIB serial sectioning, SEM imaging and image processing techniques were used to extract the pore boundaries and reconstruct the 3D porous structure of carbon and silica-based monoliths. Since silica is a non-conducting material, a commercial silica monolith modified with activated carbon was employed instead to minimise the charge build-up during FIB sectioning. This work therefore presents a novel methodology that can be successfully employed for 3D reconstruction of porous monolithic materials which are or can be made conductive through surface or bulk modification. Furthermore, the 3D reconstructions were used for calculation of the monolith macroporosity, which was in good agreement with the porosity values obtained by mercury intrusion porosimetry (MIP).
Introduction
A significant body of research within the field of analytical chemistry over the last decade has been focused on the development and application of novel porous monolithic materials. These have found widespread application within chromatography, 1 solid-phase extraction (SPE), 2 spectroscopy 3 and electrochemical analysis. 4 This research effort has resulted in the successful commercialisation of a number of monolithic separation columns for high-performance liquid chromatography based on porous organopolymer and silica monolithic stationary phases. These monolithic materials possess unique and advantageous properties for flow-through applications, such as high porosity, well developed surface area and hydraulic permeability, and can be readily modified to provide a wide range of surface chemistries, making them attractive for an extensive variety of analytical purposes. In chromatographic applications, the high permeability of monolithic columns allows pumping of the mobile phase at relatively high flow rates, leading to faster separations at lower backpressures compared to conventional packed columns.
Recently, porous carbon monoliths have attracted considerable attention due not only to their unique physicochemical properties, such as chemical inertness, thermal stability and electrical conductivity, but also due to the availability of template-based preparation methods 5, 6 that provide a means to precisely control pore size and pore structures in the resulting carbon monolith.
Indeed, the performance of monolithic materials is significantly affected by morphological parameters such as the pore size, surface area and the total porosity. Common analytical techniques used for morphological characterisation of monolithic materials include transmission electron microscopy (TEM), scanning electron microscopy (SEM), nitrogen adsorption and mercury intrusion porosimetry (MIP).
MIP provides information on the porosity, pore size distribution and specific surface area of the porous materials containing pores with sizes in the range 3.5 nm to 500 µm (i.e. mesopores and macropores). 7 Nitrogen adsorption measurements are commonly used for calculation of the specific surface area (S BET ) via the Brunauer-Emmett-Teller equation, as well as for the determination of the micro-and mesoporosity. 8 However, calculations of the total pore volume by both techniques exclude closed pores (pores isolated from the material surface) and assume an ideal pore shape, typically spherical. 7, 8 In addition, both MIP and nitrogen adsorption techniques are unsuitable for analysis of monoliths prepared in capillaries with internal diameters (ID) in the micrometer range due to insufficient sample amount (minimum amount of sample required for analysis is approximately 35 mg), or rather complex sample preparation. Therefore, considering that the morphology of porous monolithic materials prepared in bulk (macroscopic scale) can significantly differ from those prepared in a much smaller, confined space, 9 alternative techniques such as SEM and TEM 10 are typically used for characterisation of monoliths prepared at microscopic (capillary) scale. SEM and TEM provide real visualisation of a single cross-section of the sample prepared either in bulk or in capillaries. Thus, direct information on the pore size (including closed pores), true pore shape, and pore connectivity can be obtained. Nevertheless, a significant number of images need to be taken at different points along the sample in order for TEM and SEM analysis results to be representative of the whole sample, which leads to a significant increase in the time and cost of the analysis.
In contrast, automated imaging techniques such as focussed ion beam-scanning electron microscopy (FIB-SEM) can provide a much faster approach for collection of typically about a hundred images by means of serial slicing and imaging. Briefly, this technique consists in the removal of thin slices (several nanometers/micrometers thick) from the target material by FIB sectioning, followed by image acquisition using SEM. By repeating this automated procedure until the desired volume has been removed from the sample, a series of parallel cross-sectional images of the material under study can be obtained. Finally, processing of the 2D-image stack via image-analysis routines allows the reconstruction of the corresponding 3D porous structure, which in turn can be used for calculation of the morphological parameters of interest. These 3D reconstructions can be further used for modelling of the material transport properties and/or designing numerical simulation tools allowing the prediction of the material performance, as well as for optimisation of the material morphology. Actually, the use of FIB-SEM for reconstruction and visualisation of 3D porous structures has been recently used for the morphological characterisation of a wide variety of samples including metamorphic rocks, 11 biological tissues, 12 neuronal cells, 13 bones, 14 ceramic mixed ionic-electronic conductors, 15 and carbon materials for fuel cells, batteries and supercapacitors. 16, 17 SEM imaging and serial sectioning by means of an ultramicrotome has been also employed for 3D reconstruction of the macropore structure present in a polymer monolith in capillary format. 18 This technique, known as serial block-face scanning electron microscopy (SBF-SEM), allowed identification of two distinct size domains within the macropore structure of the polymer monolith as well as the characterisation of the radial macroporosity profile of the capillary column. Alternatively, confocal laser scanning microscopy (CLSM) has been used for analysis of silica monoliths in capillary format. This optical "slicing" of specimens by CLSM allowed to reconstruct 19 and compare 20 the macropore structure of silica-based monoliths, and in turn to conduct benchmark simulations of flow 21 and mass transport 22 using these 3D reconstructions for derivation of quantitative morphology-transport relationships.
Although the above approaches represent a huge step towards the full characterisation of the "real" porous structure in monolithic materials, there are still several challenges associated with the use of these techniques for reconstruction of some of these materials. For example, although FIB-SEM is highly suitable for imaging electrically conducting materials (e.g. carbon monoliths), analysis of non-conducting materials (e.g. silica and polymer monoliths) is not straightforward owing to sample charging, which causes significant image drift. Due to the high magnification and precision required for sample positioning, sputtering the sample with gold or other metals after removal of each slice to avoid sample charging is not a practical approach. Thus, a common method for imaging non-conducting materials by FIB-SEM (e.g. biological samples) consists in staining the sample with an electrically conducting compound which increases the sample conductivity 23 . Alternatively, a system integrating an environmental or "low vacuum" SEM (ESEM), i.e. FIB-ESEM, can be employed for serial sectioning and imaging, preventing the need for sample preparation steps directed to render the sample conductive. Despite these possible alternatives, as yet there are no reports on the use of FIB-SEM for imaging and reconstruction of silica and polymer monoliths. Similarly, only one report on the analysis of a polymer monolith using SBF-SEM was presented recently. 18 It should be noted that although commercial SBF-SEM systems employ an ESEM, which allows direct analysis of insulating materials, conductive stains are still used for enhancement of the image contrast. 18 In fact, SBF-SEM has the capability of slicing larger sample areas much faster than FIB-SEM, but the minimum slice thickness is generally larger than for FIB-SEM (ca. 30 nm vs 10-15 nm). On the other hand, SBF-SEM was still found unsuitable for analysis of silica monoliths since the diamond knife of the ultramicrotome would not withstand the cutting process. 24 Refractive index matching between sample and objective can also pose a significant challenge in CLSM, 19 as pointed out by Tallarek's group, who found CLMS unsuitable for imaging polymer monoliths as a result of their high refractive index. 18 In addition, one of the main drawbacks of CLSM compared to FIB-SEM and SBF-SEM is its lower resolution.
In the work presented herein, an in-house prepared carbon monolith and a commercial silica-based monolith were selected as samples to evaluate the potential of FIB-SEM for general application in the 3D reconstruction and morphological characterisation of porous monolithic materials. The in-house prepared carbon monolith employed in this study presented a hierarchical pore structure (macroporous/mesoporous) and excellent electrical conductivity. The commercial silica-based monolith consisted of a silica-skeleton modified with C 18 groups and activated carbon (MonoTrap RCC18, GL Sciences). This commercial silica-based monolith was selected based on the assumption that the activated carbon would help to minimise the charge built-up following each slicing step. The methodology developed for imaging and 3D reconstruction of both monolithic materials is described in detail. The reconstructed volumes were further used for calculation of the average macroporosity and comparison with porosity measurements obtained by MIP. The final aim of the present work was to present an alternative method for characterisation and visualisation of porous monolithic materials that complements more conventional characterisation techniques such as MIP, BET, SEM and TEM.
Experimental

Chemicals
1-Butanol and ferric chloride (99 %) were obtained from Riedel-De Haen (Seelze, Germany). Resorcinol (99 %), formaldehyde (37 wt % in water) and concentrated hydrofluoric acid (HF, 38-40 %) were obtained from Sigma-Aldrich (Gillingham, UK). Silica beads with a diameter of 5 µm (surface area, 95 m² g -1 ; pore size, 16 nm) were used as templates for the preparation of the carbon monolithic rods. Carbon-modified silica-based monolithic rods (MonoTrap RCC18) were obtained from GL Sciences (Tokyo, Japan) and used as received. Deionised water (18.2 MΩ·cm) was obtained from a Millipore Direct-Q™ 5 water purification system (Millipore, Bedford, MA, USA).
Preparation of carbon monolith
The carbon monolith was prepared following a similar procedure to that reported previously. [25] [26] [27] Briefly, 1 g of 5 µm silica particles were dispersed in 1.5 g of 1-butanol under sonication for 1 h. This was followed by the addition of 0.18 g of ferric chloride and 0.367 g of resorcinol to form the resorcinol/Fe complex. Then, 0.3 g of ice-cooled, 37% formaldehyde solution in water was added to the mixture and stirred for 1 h in an ice-water bath. The resultant mixture was polymerised in 6 mm ID glass tubes kept at 90°C for 16 h in a water bath (GFL, model 1013, Laborgerateborse GmbH, Burladingen, Germany). The resulting crack-free phenolic resin/silica rods were then removed from the glass tubes and aged for 72 h in a fumehood to slowly evaporate the majority of the residual solvent. Finally, the rods were dried under vacuum at 80°C overnight using an EHRET thermovacuum oven (Ehret Labor and Pharmatechnik GmbH, KG, Emmendingen, Germany), and further cured at 135°C for 4 h to ensure complete polymerisation. A desktop alumina tube furnace (model GSL1300X, MTI, Richmond, VA, USA) purged with N 2 was then used to pyrolise the rods. The temperature was initially ramped from room temperature to 800 °C at a rate of 2.5 °C min -1 , followed by a second ramp from 800 °C to 1250 °C at a rate of 10 °C min -1 . Then, the furnace was allowed to cool down to room temperature. Next, the silica particles and the iron catalyst were removed from the rods by etching in 38% HF for 5 h. Finally, the carbon monolithic rods were thoroughly dried under vacuum at 80 °C for 16 h.
Image acquisition
A small portion of the carbon and silica-based monolithic rods were subjected to FIB-SEM analysis with a FEI Quanta 3D FEG DualBeam instrument (FEI Ltd, Hillsboro, USA) integrating a Ga + liquid metal ion source (spot size < 5 nm). Prior to the FIB-SEM analysis, the samples were fixed onto the stub using silver paste and subsequently coated with a thin layer of gold (thickness, ~ 7 nm) using a Emitech K575X Sputter Coating Unit (Quorum Technologies, UK). FIB sectioning was carried out at an acceleration voltage of 30 kV to etch a section of approximately 60 x 50 µm to a depth of 100 nm for the carbon monolith (current, 0.3 nA), and of 55 x 40 µm to a depth of 66.7 nm for the silica-based monolith (current, 0.5 nA). A 2D image of each section was automatically acquired by the SEM at a magnification of 2000x (1500x for the silica-based monolith), an acceleration voltage of 5 kV, and a nominal current of 5.92 pA for the carbon monolith and of 1.5 pA for the silica-based monolith. This FIB-SEM sequence was automatically repeated 100 times for the carbon monolith and 150 times for the silica-based monolith in a set routine. A total of 100 images were thus collected for the carbon monolith, each one being 100 nm further into the structure compared to the preceding image. Likewise, a total of 150 images were collected for the silica-based monolith, each one being 66.7 nm further into the structure. The angle of image acquisition was 52° in relation to the direction of the FIB (Fig. 1) . 
Image processing
The SEM images resulting from the FIB serial sectioning procedure ( Fig. 2 and 3) were processed via image analysis routines to extract the pore boundaries and reconstruct the 3D structure. First, the images were resized anisotropically to correct for the image acquisition angle of 52°, after which the images were subjected to an image registration processes where landmarks were identified in the sequence of images. These landmarks were then used to calculate the necessary translation required to minimise any image alignment error. This was achieved using the formula for a rigid body translation (Equation I), ൌ ሼሺcos ߠ , െ sin ߠሻ, ሺsin ߠ , cos ߠሻ ሽ • ∆
where u and x are the input and output vectors of the landmarks, respectively, ∆u is a constant vector that gives the amount of translation, and θ is the angle of rotation in the image sequence. The resulting images were then cropped to reduce the area of analysis to approximately 58.2 µm x 26.5 µm (width x height) for the carbon monolith and 44.7 µm x 33.7 µm for the silica-based monolith, with a resolution of 74 nm/pixel. From the images captured for the carbon monolith, only the first 93 were used for analysis. Thus, the depth of the final image stack was 9.3 µm, with a resolution of 100 nm/pixel in the depth direction. The depth of the final image stack employed for the reconstruction of the silica-based monolith was 10 µm, with a resolution of 66.7 nm/pixel in the depth direction. No attempt was made to increase the resolution of the captured images by increasing the SEM magnification, thus decreasing the size of the detectable pores. The scope of this work was to demonstrate the suitability of FIB-SEM analysis for reconstruction of the bulk porous structure in porous monolithic materials. Therefore, a rather large reconstructed volume was considered to be more representative of the overall monolith morphology, as compared to a reconstructed volume just a few cubic micrometers in size that would have been needed for visualisation of the nanoporous structure.
Finally, the two image stacks were binarised after manual outlining and filling of the porous structures, as shown in Fig. 4 . 
3D reconstruction and morphological analysis
Following binarisation, a 3D histogram of each of the image stacks was produced, enabling the calculation of the total macroporosity of the volume under analysis by Equation II.
To asses the accuracy of the resulting macroporosity values, MIP measurements were also carried out with the carbon and silica-based monoliths. The total porosity and pore size distribution were determined with an Autopore IV 9500 Series (Micromeritics Instrument Corporation). Dried samples with weights ranging from 36 mg to 47 mg were used for these measurements.
The 3D reconstruction of both monoliths from their respective image stacks was then performed using the volume rendering technique available within the Materialise Mimics 13.0 software (Materialise NV, Belgium).
Results and Discussion
3D reconstruction and morphological analysis of the carbon monolith
A movie showing the series of captured 2D-images obtained for the carbon monolith can be found in the electronic supplementary information (ESI). The resulting 3D reconstruction of the porous carbon monolith from the 2D-image stack consisting of 93 images is shown in Fig. 5 . The volume reconstructed had a rectangular geometry with dimensions 58.2 µm x 26.5 µm x 9.3 µm in the x, y and z directions, respectively. As shown in Fig. 5 , the reconstructed carbon monolith exhibited an interconnected porous structure formed by quasi-spherical macropores with sizes mostly ranging from approximately 4 µm to 7.5 µm. Moreover, the 3D reconstruction revealed a non-homogeneous spatial distribution of the interskeleton macropores within the volume analysed. The latter could be attributed to a non-uniform packing density of the silica particles within the phenolic resin used for preparation of the carbon monolith. Likewise, the relatively broad range of macropore sizes observed in the monolith reconstruction could be ascribed to the use of silica particles with non-uniform sizes as templates, which could also largely affect the packing density of the silica particles in the silica/phenolic resin mixture. Furthermore, the presence of pores with sizes between ca. 10 µm and 15 µm is a clear indication of the formation of voids in the space between the silica particles during preparation of the monolith. This could be explained by the limited infiltration of the phenolic resin into the inter-particle space due to poor mixing of the silica particles with the phenolic resin and/or high viscosity of the phenolic resin. This non-homogeneous macropore morphology is consistent with previous results obtained by Eltmimi et al. in carbon monoliths prepared with 5 µm silica particles as templates, where the presence of inter-particle voids was already suspected based on experimental evidence. 25 Therefore, the direct confirmation of the real morphology of a monolith via reconstruction and visualisation of the porous structure (including voids) represents a clear advantage of this FIB-SEM methodology, which can significantly contribute to speed up the optimisation of the monolith morphology in view of improving its analytical performance.
The total macroporosity of the volume analysed following binarisation of the corresponding image stack was found to be 72.9 %. This value agrees well with the results obtained by MIP, where the total porosity was found to be 76.8 % and 80.2 % for two consecutive analyses. MIP measurements also allowed determination of the pore size distribution, as shown in Fig.  S-1 (see the ESI) . A median pore diameter (in volume terms) of 2.6 µm and 2.9 µm was obtained for the two consecutive MIP analyses, respectively. 
3D reconstruction and morphological analysis of the silica-based monolith
The 3D reconstruction of a commercial porous silica-based monolith from the corresponding 150-image stack obtained by FIB-SEM analysis is shown in Fig. 6 . The reconstructed volume also had a rectangular geometry with dimensions of 44.7 µm x 33.7 µm x 10 µm in the x, y and z directions, respectively. As can be seen in Fig. 6 , the reconstructed volume exhibited a rather homogeneous spatial distribution of interconnected macropores with irregular shapes and variable sizes, as those commonly found in silica monoliths. Therefore, the modification of the silica monolith skeleton with activated carbon proved to be highly effective for successful reconstruction and visualisation of the silica-based monolith macropore structure by FIB-SEM analysis. The electrical conductivity provided by the carbon significantly minimised charge build-up, typically arising in non-conducting materials such as silica, and successfully allowed FIB-SEM analysis. Although no specific information on how this commercial carbon-modified silica-based monolith was produced, protocols for the preparation of carbon-silica composites have been already described in previous works. Shi et al. obtained a carbon-coated silica monolith with a bimodal pore structure by infiltration of a silica monolith with a styrene and divinylbenzene mixture prior to polymerisation and subsequent carbonisation of the resulting organic polymer under inert atmosphere. 28 Alternatively, Alvarez et al. demonstrated the synthesis of carbon monoliths via the vapour deposition polymerisation method using furfuryl alcohol as the carbon precursor and a macro/mesoporous silica monolith as template (which in turn was prepared using polystyrene foam moulds via calcination of the resulting silica-polystyrene composite). 29 Recently, the impregnation under vacuum of silica monoliths with different solutions of a phenolic resin in THF also resulted in carbon-silica composites. Those were ultimately used for the preparation of macro/microporous carbon monoliths following pyrolysis and removal of the silica template with HF. 30 The total macroporosity of the volume analysed for the carbon-modified silica-based monolith was found to be 52.9 %, which agrees well with the 56.0 % value for total porosity obtained by MIP. The pore size distribution of the silica-based monolith can be seen in Fig. S-2 (see the ESI), with a median pore diameter (in volume terms) of 2.7 µm. 
Conclusions
The 3D reconstruction of a carbon monolith and a commercial carbon-modified silica-based monolith using automated FIB serial sectioning and SEM imaging was demonstrated, showing that this methodology can be successfully employed for visualisation and characterisation of porous monolithic materials. The modification of the silica skeleton with activated carbon thus proved to be a suitable approach for FIB-SEM analysis of silica-based monoliths. The reconstructed volumes were then used for calculation of the total macroporosity demonstrating that the latter was also satisfactorily estimated from the 3D reconstructions with less than 7.0 % and 5.5 % relative error when compared to the porosity obtained by MIP for the carbon and the silica-based monoliths, respectively.
Based on all the above, it is envisaged that FIB-SEM analysis followed by 3D reconstruction can be a very useful technique for direct determination of porosity and other morphological parameters in porous monoliths prepared at microscopic (capillary) scale, such as those used in capillary-LC or nano-LC, preventing errors associated with extrapolation of results obtained for bulk monoliths from MIP and nitrogen adsorption measurements. In addition, this direct visualisation method does not exclude closed pores or assume an ideal pore morphology as for MIP and nitrogen adsorption. Furthermore, the 3D reconstructions could be used for determination of additional morphological parameters such as pore sphericity, aspect ratio, hydraulic ratio, and interconnectivity, among others. It is anticipated that a more comprehensive morphological characterisation of such monolithic materials may result in a better understanding of how monolith preparation and resulting pore morphologies affect the analytical performance of stationary phases. Last but not least, 3D reconstructions have been proven to be an excellent tool for successful modelling of the "real" fluid flow and mass transport properties in porous monolithic materials. 21, 22 Therefore, the methodology presented here is expected to help advance research and knowledge in this area.
